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Abstract

Many of the planned experiments for
Space Station Freedom will require accel-
eration levels to be no greater than
microgravity (107% g) levels for long
periods of time. Studies have demon-
strated that without adequate control,
routine operations may cause disturbances
which are large enough to affect on-board
experiments. One way to both minimize

disturbances and make Freedom more auton-

omous is to utilize robots instead of
astronauts for some operations. The
present study addresses the feasibility
of using robots for microgravity manipu-
lation. Two methods for minimizing the
dynamic disturbances resulting from the
robot motions are evaluated. The first
method is to use a robot with kinematic
redundancy (redundant links). The second
method involves the use of a vibration
isolation device between the robot and
the Space Station laboratory module. The
results from these methods will be pre-
sented along with simulations of robots
without disturbance control.

Introduction

Disturbances

Space Station Freedom and other
space based platforms would benefit
greatly by having on-board, or internal,
robots to perform delicate, time consum-
ing, or repetitive tasks. Many of the
experiments which have been proposed for
study on the Space Station require dis-
turbance levels to be .less than one mil-
lion times smaller than the gravitational

acceleration seen on Earth (10'6 g or

1 4g). Dynamic disturbances from adja-
cent experiments, operating equipment,
station maneuvers, and even astronaut
motions, must be controlled in order to
insure that these levels are maintained.’®
Also, there is a need to decrease the
reaction forces and moments which will be
created by the apparatus used in conduct-
ing the experiments. One way to minimize

the disturbances, and also make Freedom .

more autonomous, is to utilize robots
instead of astronauts for some opera-
tions. Since properly designed robots
move in a more controlled manner than
humans, robots will be better suited to
perform the acceleration sensitive func-
tions which will be required for micro-
gravity experimentation. Furthermore,
robots may be used for tasks which are
labor intensive or difficult for humans
to perform.

Typical astronaut motions, such as
exercising and pushing off of a wall may
be large enough to cause disturbances
which exceed the 1 jg limit. This has
been shown both experimentally on the
Space Shuttle and Skyl.:-lbl’2 and through
computer simulations. The disturbances
from the astronauts come both from the
nonprecise nature of human motions and
the inability of humans to accurately
sense when they create small disturb-
ances. Robots may move more smoothly
than humans, and therefore cause less
disturbances to the space platform.

Another aspect that favors the use
of robots is the great demand on the
astronauts’ time. They are involved in



the general operations and piloting of
the space platform, and cannot therefore
devote all of their time to the labora-
tory experiments. The time demands on
the astronauts will drastically limit the
number of experiments that can be carried
out. Robots can help with the workload
and can conduct experiments when the
astronauts are not on the space platform,
thereby increasing the amount of research
that can be performed.

Robots will only be useful, however,
if they do not contribute disturbances of
their own to the space platform. This
paper will show that robots are capable
of maintaining reduced acceleration lev-
els. Robots may even reduce the disturb-
ances that will result from the required
motion of some components of the experi-
ment while the experiment is being car-
ried out. The primary concern now is
with the effects of the robot on the
space platform, although eventually the
effects of the platform on the robot will
also need to be considered. Figure 1 is

a diagram of the system being considered.

This study is similar to Harman,
et al.’ The present study uses examples
which are more representative of typical
robot tasks whereas Harman addressed
extremely large payloads. This study
also looks at the use of redundant robots
and a vibration isolation device while
the Harman study was limited to non-
redundant robots.

In Larsen, et al.? the feagibility
of isolating the Space Station treadmill
is investigated. This work is similar to
the present in that the objective of both
investigations is to assess the possibil-
ities of dynamic isolation for maintain-
ing the microgravity environment. 1In
Ref. 2 it is concluded that isolation may
be practically accomplished with minimal
treadmill displacements and required
clearances. However, it should be noted
that the treadmill weight had to be
increased from 65 to 1000 lb to lower the
treadmill resonances and accomplish the
desired level of isolation. Also, the
treadmill was not located directly in the
microgravity laboratory as is the case

with the present robot study. Further-
more, the proposed isolation scheme in
Ref. 2 requires a modification cof the
current microgravity acceleration i
requirements because the resulting tread-
mill acceleration levels actually exceed
the current requirements.

Methods of Isolation

The present study addresses the
feasibility of using robots for micro-
gravity manipulation. Two methods for
minimizing the dynamic disturbances
resulting from robot motions are evalu-
ated. The first method involves the use
of a robot with kinematic redundancy.
These kinematically redundant robots have
more degrees of freedom than are
necegsary for carrying out their tasks.
For example, if the task regquires the
robot to move an object in a plane then
2 degrees of freedom are required. Any
additional degrees of freedom are the
redundant ones. By having these extra
degrees of freedom, the robot can move
parts of the robot in a direction
opposite to that of the end-effector and
payload. This cancels some, or all, of
the disturbance effects of the robot
motion. For this type of robot there are
an infinite number of joint trajectories
which will accomplish the desired end-
effector path. By optimally selecting
the joint trajectory which minimizes the
reaction forces at the base of the robot,
it is possible to reduce the resulting
dynamic disturbances.

The second method for reducing the
dynamic effects involves the use of a
vibration isolation device (VID) between
the robot and the Space Station labora-
tory module. This device can help iso-
late disturbances from the robot onto the
Space Station and from the Space Station
onto the robot and experiment. A VID is
typically composed of springs, dampers,
and masses and acts like a filter to
reduce the transmission of disturbances
above a threshold freguency. VIDs with
fixed physical parameters are considered
as well as VIDs with tuneable, adjustable
parameters.



Computer Simulation

A computer simulation of Space
Station Freedom is used to analyze the
effects of disturbances. A NASTRAN fin-
ite element model of an early version of
the Space Station has been modified for
use in this study. This model, which has
a mass of 141 000 kg (312 000 1b), is
shown in Fig. 2. The results obtained
are from a dynamic modal transient analy-
gis using the first 11 fundamental modes
of the Station coupled to the robot and
vibration isolation system. The results
of a convergence study an the reduced
model shows that the modal model performs
successfully using only the first 11
modes. This greatly reduces the computa-
tional effort required while not signifi-
cantly changing the results. Component
substructuring was used for the cases in
which the VID is placed between the robot
and the Space Station to allow for the
complete solution of the VID while main-
taining the reduced model for the Space
Station itself. When the Space Station
is bullt it will most likely not be iden-
tical to the present computer model.
However, the results will still be quali-
tatively correct and the conclusions
drawn will still be relevant. In fact,
any space based platform on which a
microgravity environment is needed will
have similar disturbance minimization
problems.

Figures 3 and 4 show the result of a
computer simulation of an astronaut mov-
ing about on the Space Station. Figure 3
shows the force used for this simulation.
A 22 N (5 1b) force was applied in one
direction for 1 sec and was then applied
for 1 sec in the opposite direction.

This 1s equivalent to an astronaut push-
ing off of a wall in the laboratory mod-
ule and then coming to rest against a
wall on the other side. Figure 4 shows
the magnitude of the resulting accelera-
tion, which can reach 18 [ig. The force
is applied within the United States
Laboratory Module, and the accelerations
are measured at this same location. This
is where the microgravity laboratories
will be stationed. Figure 5 shows the
gsimulated result of an astronaut exercis-

ing on a treadmill., The astronaut has a
mass of 81 kg (180 1lb) and jogs with an
amplitude of 1.2 cm (3 in.). This far
exceeds the microgravity disturbance -
limit.

Programs which calculate robot joint
trajectories as well as forces and
moments at the base of the robot are used
to determine the input data for the fin-
ite element Space Station model. These
codes were written under grant at
Carnegie Mellon University and Case
Western Reserve University. (See Refs. 4
to 7 for more information.) In addition
to the robot dynamics codes a separate
optimization program was developed to
determine the physical parameters for the
VID.

The robot models used for this study
were designed with physical specifica-
tions which are believed to be realistic
given the proposed tasks they will have
to perform. The robots used for the
dynamic simulation are shown in Figs. 6
to 8. All of the joints are revolute.
Robots with differing numbers of degree
of freedom are used to show the effect of
having differing degrees of redundancy.
The robots are similar in all other
aspects. They have the same length,
mass, and workspace. They are also
required to follow the same end-effector
trajectories. Therefore any differences
in the base reactions are due entirely to
the different number of redundancies.

For a given robot model, the trajec-
tory planning programs choose the optimal
joint angles based on the desired
starting and ending positions for the
robot payload. The program also mini-
mizes the forces and moments at the base
of the robot for the chosen trajectory.
The resulting base forces and moments
then are used with the finite element
Space Station model. The modal transient
analysis is performed and the resulting
acceleration levels at the laboratory
module are recorded.

It is interesting to note that while
for both terrestrial and space robots it
is important to limit the disturbances on



the payload at the robot end-effector,
with space-based robots the base forces
also are important since the base may
move, and forces can be transmitted
through the base. For terrestrial robots
the base is usually assumed to have a
sufficiently large mass that it cannot
move, and forces transmitted through the
base are therefore often of no concern.

Results and Discussion

Nonredundant Robot

If there are robots on the Space
Station, one of their tasks will cer-
tainly involve moving relatively small
objects around the laboratory module.
These objects could be associated with
the actual experiments such as test tubes
or specimen holders, or may be related to
general housekeeping chores. For tasks
of this nature most of the disturbances
will come from the robot motion itself.
The small end-effector payloads will not
significantly affect the disturbances.. A
specific task was chosen for this study
which requires a 24 kg (53 lb) robot to
move an object 0.3 m (11.8 in.) in 2 sec
along a prescribed trajectory. It is
assumed that the robot is fixed at the
base. For the robot to complete this
task successfully it must not disturb
other experiments which might be in
progress.

The effect of the nonredundant robot
(Fig. 6) will be determined first. This
robot was used with the robot dynamics
programs and the Space Station model.
The robot is two dimensional (planar)
while the Space Station model is three
dimensional. This lessens the computa-
tional requirements and makes it simpler
to compare results while maintaining
their significance. The forces and
moments generated by the nonredundant
robot can be seen in Fig. 9. Figure 10
shows the magnitude of the resulting
accelerations of the laboratory mcdule.
This was obtained by taking the square
root of the sum of the squares of the
accelerations in each of the three
coordinate directions. The maximum

resulting acceleration is 4.7 jg. This

level exceeds the allowable microgravity
limit and is therefore unacceptable.
This i1s, however, probably no worse than
the disturbances which would arise from
an astronaut performing the same task.

Redundant Robots

The effect of using redundant robots
will now be compared to the previous
results for the nonredundant robot. As
was mentioned earlier, the only differ-
ence between the redundant and nonredun-
dant robots is the number of links in
each robot. The end-effector trajec-~
tories are the same. The redundant
robots, shown in Figs. 7 and 8, have one
and two redundancies respectively. The
forces and moments generated by these
robots can be seen in Figs. 11 and 12.
Figures 13 and 14 show the resulting
accelerations of the laboratory module.
The robot with one redundancy causes a
maximum acceleration of 3.0 g while the
robot with two redundancies leads to a
maximum acceleration of 0.95 lg. Fig-
ure 15 shows a comparison of the non-
redundant robot with the redundant
robots. * As the number of redundancies
increases the disturbances get smaller.
The dashed line on Fig. 15 is the allow-
able 1 pg disturbance limit. With two
redundancies the disturbances do not
exceed this limit. Different tasks, par-
ticularly those requiring motion in
three-dimensional space, may require more
redundancies to maintain the 1 jg limit.
Obviously the computational effort
increases as the number of redundancies
increases. The extra effort is worth
taking, however, if it is necessary in
order to guarantee the successful comple-
tion of a disturbance sensitive
experiment.

Vibration Isoclation Device

The second method of reducing dis-
turbances involves the use of a vibration
isolation device. The significance of
using robots with various amounts of
redundancy has already been addressed.
Therefore, the focus will now be on
changing the VID parameters while the
robot model remains the same for all of



the test cases. A nonredundant robot
with a mass of 27.3 kg (60.2 1b), includ-
ing a payload of 9 kg (20 lb), was used
(Fig. 16). It was commanded to move the
payload 0.53 m (21 in.) in 1 sec. This
is believed to be representative of a
typical robot task such as setting up
experimental apparatus. The maximum dis-
turbance level caused by this robot with-
out a VID is 150 jg. These disturbance
will exceed the allowable acceleration
level.

The simplest method for dynamic
isolation of the robot from the Space
Station Freedom structure is to utilize a
passive isolation system. The isolation
system, which consists of an inertial
mass, linear spring and damper, would be
situated between the robot and the Space
Station structure. The structural char-
acteristics of the isolator would be
determined by examining the expected mag-
nitude and frequency content of the robot
base reactions. Since the isolator is
passive (i.e., constant mass, stiffness,
and damping) its characteristics could
only be optimal for a specific robot
motion, and would be less than optimal
for the complete range of motions which
the robot may undergo.

To agsess the effectiveness of a
passive isolation system, the nonredun-
dant robot shown in Fig. 16 is placed on
an isolation system, and the resulting
displacements and acceleration levels
aboard the Space Station are examined.
The robot motion is identical to the
previous examples. This motion results
in base forces and moments which are then
input into the NASTRAN finite element
model of the entire Space Station includ-
ing the isolation system. Finally, a
modal transient analysis is performed,
for different isolator characteristic
frequencies, to determine the resulting
displacements and acceleration levels at
key locations aboard the Space Station.

In order to model the VID/Space
Station system, the substructuring capa-
bilities of NASTRAN are utilized. The
Space Station and the VID are each
defined separately; the station is

modeled modally and the VID is modeled
with physical mass, stiffness, and damp-
ing elements. This modeling approach is
used because it is computationally effi-
cient and because the VID is relatively
stiff in comparison to the Station.
Since the VID is stiff, a conventional
model transient analysis would be inef-
fective because an excessive number of
modes would be required in order to cap-
ture the behavior of the VID. By sub-
structuring the system, the flexible
components (i.e., Space Station) can be
modeled modally and the stiff component
(i.e., VID) can be modeled with physical
elements.

Figure 17 shows the resulting accel-
erations and displacements as a function
of isolator frequency. The accelerations
were taken at the base of the isolator
where it would be attached to the Space
Station, while the displacements are from
the base of the robot. The displacements
at the base of the robot are of interest
because as the isoclator becomes more
effective (i.e., less transmitted load)
the displacements increase and may become
excessively large. The accelerations at
the base of the isolator are important
because they determine the amount of dis-
turbance which would be transmitted into
the Space Station infrastructure.

’

Three sets of results, each using a
different isolator welight, were generated
for this figure. While all three weights
cause different displacements, they all
result in the same acceleration levels.
This is because the transmitted accelera-
tion is dependent only on the isolator
frequency, not the isolator mass or
stiffness.

In order to determine what acceler-
ation will result from a particular mass
and displacement, first locate the point
of interest on one of the displacement
curves. Then move vertically from the
displacement curve to the acceleration
curve. The resulting acceleration is
represented by the point where the verti-
cal line intersects the acceleration
curve.



As shown in the figure, as the iso-
lator frequency increases, its effective-
ness decreases and the transmitted
acceleration becomes quite large. For
very stiff, high frequency isoclators, the
isolator is completely ineffective and
acceleration depends only on the robot
base forces and the mass of the Space
Station. For very soft or low frequency
isolators, the isolator 1is very effective
in reducing acceleration levels, but the
resulting displacement at the robot base
become prohibitively large. For example,
a 22.7 kg (50 1lb) passive isolator
designed to satisfy a 1 4g requirement
would need to have a displacement of
nearly 50 cm (20 in.). Displacements of
this magnitude could present not only
serious clearance problems, but could
also severely effect the robot position-
ing capabilities. Obviously, a heavier
isclator may be used to obtain an effec-
tive isolation level with less displace-
ment, but there would be an increase in
complexity and cost.

For low frequency isolation (less
than 0.01 Hz), all three curves level off
and the displacements reach a maximum
displacement for each of the three iso-
lator weights considered. This is
because the "soft" isolator begins to
behave as a freely floating mass depend-
ent only on the isolator mass, not the
stiffness. For higher frequency iso-
lation (greater than 1.0 Hz), the dis-
placements are very small, but the
corresponding isolation effectiveness is
minimal.

Tuneable Isolation

In the previous section a passive
isolation device was shown to improve the
disturbances resulting from robot
motions. However, robot motions can
cover a wide range of frequencies. The
passive isolator with fixed properties
will only be effective when the disturb-
ance frequency is above the critical fre-
quency of the VID, and in other ranges
the isolator can even amplify the distur-
bances. Therefore, tuneable isolation
may ultimately be required to accommodate
the wide range of disturbances expected

from a robot. With tuneable isolation
the damping and stiffness properties can
be adjusted as disturbance changes.
Since we already have shown that a robot
with an isolation device helps reduce
disturbances we will look only at the
difference between tuneable and fixed
isolation for a given robot. The robot
behaves similarly on the either device,
and any improvements of having a robot on
a fixed VID can be safely extended to a
robot on a tuneable VID.

The tuneable isolation system can be
effective in situations where the robot
base reactions are known a priori. The
tuneable system could be used to opti-
mally control the isolator stiffness and
damping by minimizing a weighted cost
function containing the isolator dis-
placements and transmitted reactions.

The cost function would be integrated
over a period of time that is at least as
long as it takes the robot to perform its
trajectory. The advantage of the tune-
able isolator is that it does not require
any feedback loop. It is therefore the
easiest adaptive system to implement.

The disadvantage of the tuneable isolator
is that the robot base reactions must be
known and the associated isolator parame-

ters computed before the robot trajectory

is initiated.

The tuneable isolator may be
designed by minimizing the cost function:

Min J = f {uz + aRz} dt

where u are the six displacements at
the isolator mass, R are the reactions
transmitted through the isolator to the
Space Station, and @ 1is a weighting
parameter.

The IMSL routine DUMINF,® which
employs the quasi-Newton method, is used
for minimizing the above cost function.
The required displacements and reactions
are computed from the robot base reac-
tions and numerical integration. For the
integration, it is assumed that the
isolator base, where it attaches to the



isolator base, where it attaches to the
Space Station, is fixed. This assumption
reduces the isolator to a decoupled,
6-degree-of-freedom system thus greatly
simplifying the numerical integration.
The fixed base assumption is reasonable
considering the relatively small mass of
the isolator in comparison to the Space
Station mass.

The isolator stiffness is determined
by assuming a continuous, third order
polynomial function (i.e., stiffness
=p, + p,ru+ p3*u2 + p4*u3). This func-
tion was used so that the stiffness dis-
tribution would be relatively smooth and
not change too abruptly in small time
periods. The IMSL routine is used to
compute the unknown parameters, P,
through P,-

The overall procedure for designing
the tuneable isclator is as follows.
First, the robot base reactions are input
into the cost function minimization rou-
tine where the optimal stiffness param-
eters are computed. The maximum isolator
deflections are recorded for subsequent
use. Next, the resulting transmitted
isolator reactions resulting from the
robot base reactions are applied to the
Space Station model. Then a transient
analysis is performed and the maximum
resulting acceleration levels at the
attachment point between the Space
Station and the isolator is recorded.
Finally, the procedure is rerun for
different @ wvalues and an isolator
displacement versus Space Station
acceleration curve is constructed.

The displacement versus acceleration
curve for a 22.7 kg (50 lb) isclator mass
(Fig. 18) shows the effect of varying «
in the cost function. For comparison
purposes, the results from the fixed iso-
lator also are shown in the figure. For
stiff isolators with displacements less
than 5 cm (2 in.), the resulting acceler-
ation levels exceed 120 jg and the fixed
and tuneable isolators deliver comparable
results. For flexible isolators having
displacements greater than 40 cm
(16 in.), the disturbance level is very

small and fixed and tuneable isolators
again produce equivalent results. 1In the
range between 5 and 40 cm (2 and 6 in.),
the fixed and tuneable isolators produce
different results. 1In this range the
tuneable isolator is more effective in
minimizing the transmitted reactions.

For example, at 12 cm (5 in.) of dis-
placement the tuneable isolator is able
to reduce the transmitted reactions so
that the resulting acceleration aboard
the Space Station is only 50 lg while the
fixed system is only able to reduce the
level to slightly below 120 fjg. Although
the tuneable system is more effective in
this region, displacements greater than

5 ¢m (2 in.) may not be tolerable in
practice. For those cases in which the
robot motion is known a priori the
results obtained from using an isolation
system with active feedback would not be
any better than those for the tuneable
gystem. The active system would adjust
the physical parameters until they were
the same as those used on the tuneable
system.

Heavy Payloads

In all of the above results, the
payloads are small and therefore most of
the disturbance is caused by the actuat-
ing system (i.e., robot or astronaut) and
not by the payload motion itself. It has
been shown that these disturbances may be
controlled to acceptable levels because a
redundant robot can compensate for dis-
turbances caused by its motion. It was
not necessary in these cases to compen-
sate for the paylecad. Large payloads
greater than 50 kg (110 1lb) can generate
significant disturbances caused by the
motion of the payload itself. For these
situations it is necessary to compensate
for the actuating system as well as for
the payload. Redundant robots are able
to do this. Similarly, a heavy payload
cannot be rapidly moved by an astronaut
without causing large disturbances
because the astronaut does not have the
ability to compensate for the payload.

In this situation a reaction compensating
device, such as a redundant robot with
sufficient mass, must be used.



One of the proposed microgravity
experiments involves moving a furnace
which has a mass of 2000 kg. Harman,
et al.’ looked at moving this furnace
with a nonredundant robot. Their results
showed that the experiment caused unac-
ceptable disturbances. However, these
disturbances are actually caused by the
furnace itself and not by the robot. a
redundant robot which is massive enough
to compensate for the payload could be
used to reduce the disturbance forces.

In order to demonstrate the effec-
tiveness of redundancy for large payloads
it will be shown that the disturbances at
the base of a redundant robot with a
heavy payload are smaller than the dis-
turbance which would exist if the payload
were moving by itself. The robot model
and trajectory used in Fig. 8 will be
used for the demonstration. The only
differences are that the robot now has a
large payload and link masses are much
larger in order to compensate for this
payload. The end link which will repre-
sent the payload has a mass of 100 kg
(220 1lb). The other links also each have
a mass of 100 kg. For the case in which
the payload is moving by itself, the
smallest possible peak acceleration
required to move the payload must be
determined in order to make a fair com-
parison to the robot-payload system.

This acceleration occurs when the payload
moves with a constant acceleration for
the first half of the time period, and an
equal but opposite deceleration for the
second half. If the acceleration at any
moment was smaller than this, then an
acceleration which is larger than the
constant acceleration value would be
needed later on in order for the payload
to reach the desired end point in the
available time. The payload force is
equal to this constant acceleration mul-
tiplied by the payload mass. Since the
payload is initially at rest and also
ends up at rest, the acceleration is
determined from the equation:

where 8 1is the total displacement, a

igs acceleration, and t 1is the time per-
iod in which the payload must complete
its motion. 1In this example ® is 0:3 m
and t 1is 2 sec. Therefore a is equal
to 0.3 m/s’. The force resulting from
this acceleration is:

F = 100 kg X 0.3 m/s® = 30 N

The disturbance forces for the
robot-payload system are determined from
the robot computer codes. The results
are shown in Fig. 19(a). The force in
both the x and y directions are no
greater than 18 N (4 1lb) at the base of
the robot. The magnitude of the total
force (i.e., the square root of the sum
of the forces in x and y) is calcu-
lated in order to compare this result
with the magnitude of the force resulting
from the payload moving by itself. This
comparison can be seen in Fig. 19(b).

The minimum possible peak force from the
payload moving by itself is 30 N while
the maximum force from the robot-payload
system is only 18 N. Although the tra-
jectory optimization codes were used to
minimize the base reactions, the actual
design configuration of the robot was not
optimized. It is only used to demon-
strate that a redundant robot can compen-
sate for the payload as well as for
itself. The amount of disturbance reduc-
tion depends only on the number of redun-
dancies and the design of the robot.

Concluding Remarks

Two methods of minimizing robot dis-
turbances have been addressed. The first
method, using kinematic redundancy, has
been shown to reduce the disturbance
levels for a typical robot motion from
4.7 fig to less than 1 jg. The payload
mass used in this example was small in
comparison to the mass of the robot.

This reduction in disturbance forces
required the use of a robot with two
redundant links.

The second method of reducing dis-
turbances involved placing vibration iso-
lation devices between the robot and the



laboratory module. The effectiveness of
these devices was shown to be dependent
on their natural frequency. B&As the iso-
lator frequency increases, their effec-
tiveness decreases and the transmitted
acceleration becomes quite large. For
very soft or low frequency isolators,
they are very effective in reducing
acceleration levels, but the resulting
displacement at the robot base become
prohibitively large.

A tunable VID was then compared to
the passive VID with fixed parameters.
For stiff isolators with displacements
less than 5 cm (2 in) the fixed and
tunable isolators deliver comparable
results. For flexible isolators with

displacements greater than 40 cm (16 in.)

the disturbance level was very small and
fixed and tunable isolators again pro-
duced equivalent results. In the range
between 5 and 40 cm (2 and 16 in.), the
tunable isoclator was more effective in
minimizing the transmitted reactions.
Although the tunable system was more
effective in this region, the resulting

displacements might still be too large to

be tolerated in practice.

It was also shown that redundant
robots may allow heavy payload experi-
ments to take place without disturbing
the microgravity environment. These
experiments would cause large disturb-
ances without reaction compensation

because the payload itself, not the actu-

ating system, is causing the disturb-
ances.
to compensate not only for itself but
also for the disturbance caused by the
payload motion.

Kinematic redundancy and vibration

isolation can both be used to reduce dis-

turbance forces. The only real differ-
ence is that with kinematic redundancy
the reaction control is done within the
robot while with the VID the reaction
control is done separately from the
robot. Both kinematic redundancy and
vibration isolation are effective in

This shows that the robot is able

reducing disturbance forces. The advan-
tage of the VID is that it is simpler and
is decoupled from the robot control prob-
lem. The advantage of kinematic redun-
dancy is that there is no displacement at
the robot base and no hardware is needed
in addition to the robot itself. Kine-
matic redundancy and vibration isolation
may also be used together. Every robot
and every application are unique. There-
fore, these methods of isolation would
need to be compared to see which combina-
tion of isolation techniques would be
most effective.
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